Sodium/hydrogen exchangers (NHEs) are a family of proteins that transport sodium ions into the cells by moving protons out of the cells. They play a major role in sodium absorption, cell volume regulation, and intracellular pH regulation. Three out of nine identified NHEs (NHE2, NHE3, and NHE8) are expressed on the apical membrane of intestinal epithelial cells. Glucocorticoids have been found to regulate NHE3 function in the intestine, but it is unknown if they have a similar function on NHE8 expression. Interestingly, high glucocorticoid levels in the intestine coincide chronologically with the change from high expression of NHE8 to high expression of NHE3. Studies were performed to explore the role of glucocorticoids on NHE8 expression during intestinal maturation. Brush-border membrane vesicles were isolated from intestinal epithelia, and Western blotting was performed to determine NHE8 protein expression of suckling male rats treated with methylpredisolone. Real-time PCR was used to quantitate NHE8 mRNA expression in rats and Caco-2 cells. Human NHE8 promoter activity was characterized through transfection of Caco-2 cells. Gel mobility shift assays (GMSAs) were used to identify the promoter sequences and the transcription factors involved in glucocorticoid-mediated regulation. Our results showed that the expression of NHE8 mRNA and protein was decreased in glucocorticoid-treated rats and human intestinal epithelial cells (Caco-2). The activity of the human NHE8 gene promoter transfected in Caco-2 cells was also reduced by glucocorticoid treatment. GMSAs suggested that the reduction in promoter activity in the presence of glucocorticoids was due to enhanced transcription factor Pax5 binding on the NHE8 proximal promoter region. In conclusion, this study showed that glucocorticoids inhibit NHE8 gene expression by increasing Pax5 binding on NHE8 gene promoter, suggesting an important role for Pax5 during intestinal maturation.
SODIUM IS AN ELECTROLYTE THAT plays a vital role in the body. Sodium absorption is mediated by several transporter families, including sodium/hydrogen exchangers (NHEs). The NHEs are plasma membrane-bound antiporters that mediate the movement of extracellular sodium into cells in exchange for intracellular H ϩ . To date, nine mammalian NHEs have been discovered. These proteins have broad physiological functions, including intracellular pH homeostasis, cell volume regulation, acid-base regulation, and electroneutral NaCl transport. In the intestine, five NHEs (NHE1-4 and 8) are identified, and they have different membrane localization and functions (30, 32) . Targeted interruption of NHE1-4 results in various phenotypes ranging from decreased growth rate to impaired gastrointestinal function (2, 3, 11, 19, 21, 24) . The latest identified NHE family member, NHE8, has distinct transporter kinetics compared with other NHEs. It is also highly expressed in the intestine before adulthood and plays an important role in sodium absorption during early development (29, 30) .
NHE function is closely regulated by many physiological factors, including steroids (18, 33) . Glucocorticoids are a class of steroid hormones that bind to the glucocorticoid receptor to regulate a wide range of body functions. In medical practice, glucocorticoids are frequently used as a part of anti-inflammatory or immune suppression therapies. Interestingly, glucocorticoids have been shown to increase intestinal sodium absorption by stimulating NHE3 expression in rat and rabbit (8, 18, 27) . Because glucocorticoid levels increase after weaning (13) and intestinal NHE8 expression is significantly decreased after weaning, we hypothesize that elevated glucocorticoid levels may mediate the reduction of NHE8 expression during intestinal maturation.
In the presented study, we explored the effect of glucocorticoids on NHE8 expression in suckling rats and the mechanism of the effect on NHE8 expression in human intestinal cells (Caco-2). Our results showed that glucocorticoids reduced intestinal NHE8 expression in suckling rats and in Caco-2 cells by decreasing NHE8 gene transcription. We also found that inhibition of NHE8 gene transcription in Caco-2 cells involved the transcription factor Pax5. So, increased Pax5 interaction on NHE8 gene promoter may be the reason for suppression of NHE8 transcription. These findings suggest that Pax5 could be an important player in glucocorticoid-mediated transcriptional regulation of the intestinal NHE expression during intestinal maturation.
(Sigma-Aldrich) treatment experiments, cells were incubated with 100 nM dexamethasone for 18 h before they were harvested.
Protein purification and Western blot analysis. BBMVs were prepared from rat intestinal mucosa, as previously described (30) , and 30 g BBMV proteins were used for Western blot. Total protein was prepared from cultured Caco-2 cells with the RIPA method (8) , and 40 g total proteins were used for Western blot. Nuclear extracts were prepared from Caco-2 cells by a previously described method (31) , and 15 l nuclear protein were used for Western blot. NHE8 antibody was used as a 1:3,000 dilution in these experiments (30 RNA purification and PCR analysis to detect NHE8 expression. RNA was purified from rat intestinal mucosa and Caco-2 cells using Trizol (Invitrogen, Carlsbad, CA). Total RNA (500 ng) was reversetranscribed using the qScript kit (Quanta Biosciences, Gaithersburg, MD), and 10% of the reverse transcription reaction was used for Real-Time PCR. TaqMan technology was used to determine the expression levels of NHE8 using rat and human NHE8 (hNHE8) and TBP primers from Applied Biosystems (Foster City, CA). Resulting data were analyzed using the comparative cycle threshold (C t) method. The target gene cycle thresholds are adjusted relative to a calibrator (normalized C t value obtained from control groups) and expressed as 2
Ϫ⌬⌬Ct (Applied Biosystems User Bulletin no. 2: Rev B "Relative Quantitation of Gene Expression"). TBP data were used as an endogenous reference to normalize expression levels. For detecting Pax5 mRNA expression, Pax5 specific primers were designed to cover Pax5 cDNA (NM_016734) from the 1,236-to 1,798-bp region. Forward primer (F1-1236, 5=-AGTATTCAGCCATGGCCTCG-3=) and reverse primer (R1-1798, 5=-AGCATCCAGAAGTCCAACGG-3=) were used for initial PCR with an expected PCR product of ϳ563 bp. Forward primer (F2-1308, 5=-CTGACATCGGGAGCAGTGTG-3=) and reverse primer (R2-1692, 5=-TGGGCTCTCTGGCTATCT-TCA-3=) were used for nest PCR with an expected PCR product of ϳ385 bp. RT-PCR was performed using a previously described method (31) .
Assembly of reporter gene constructs. A series of progressively shorter hNHE8 promoter constructs were made in the pGL-3/basic luciferase reporter vector (Promega, Madison, MI) by restriction enzyme digestion or PCR as described previously (28) . Briefly, the pGL3/Ϫ671 construct was made by subcloning a SacI-EcoRV fragment from pCR2.1-TOPO vector in SacI/XmaI-digested pGL3Basic vector. The pGL3b/Ϫ89 construct was made by SacI/SmaI digestion followed by blunt end reaction with Klenow treatment and subsequent ligation with T4 DNA ligase. The pGL3b/Ϫ32 construct was made by PCR. Mutations on the promoter construct were introduced by PCR with mutant primers. All promoter constructs ended at the same position at the 3= end, and sequences were confirmed by sequencing.
Transient transfection and functional promoter analysis. Caco-2 cells were cultured in 24-well plates. Promoter constructs containing various length of hNHE8 gene promoter region were used to identify the region that responded to glucocorticoid regulation. When cell density reached 60 -70%, Caco-2 cells were transfected with the promoter constructs using Effectene (Qiagen, Valencia, CA) according to the manufacturer's instructions. Cells were harvested for promoter reporter assays 40 h after transfection. Promoter reporter assays were performed using a dual luciferase assay kit according to the manufacturer's instructions (Promega). Luciferase activities were measured with a luminometer (Femtomaster FB 12; Berthold Detection System, Pforzheim, Germany). Renilla luciferase activity driven by pRL-CMV (Promega) was used as an internal control to calculate the relative luciferase activity. To test the effect of dexamethasone on hNHE8 promoter activity, transfected cells were treated with 100 nM dexamethasone for 18 h before promoter reporter assay.
Nuclear protein isolation and gel mobility shift assay. Nuclear extracts were prepared from Caco-2 cells treated with or without dexamethasone (100 nM, 18 h) by a previously described method (31) . Synthetic double-stranded oligonucleotides were designed to span the targeted promoter region. DNA oligonucleotides were endlabeled with [ 32 P]ATP, and 4 g of nuclear extract were incubated with 1 ng of labeled probe in GMSA binding buffer containing 10 mM HEPES (pH 7.5), 1 mM EDTA, 50 mM NaCl, 1 mM dithiothreitol, and 50 g/ml poly[d(I-C)]. After incubation at room temperature for 20 -30 min, the mixture was electrophoresed on a 6% polyacrylamide gel in 0.25ϫ Tris-boric acid-EDTA buffer. Gels were dried and exposed to X-ray film. For competition experiments, a 100-fold molar excess of unlabeled probe was added to the reaction mixture before the labeled probe was added. For supershift assays, the reaction mixtures were added to 4 g of Ap2 (Abcam) or Pax5 (Santa Cruz Biotechnology) antibody.
Statistical analysis. Student's t-test was used to compare values of the experimental data. P values Ͻ0.05 were considered significant. Fig. 1 . Effect of methylprednisolone on the intestinal NHE8 protein expression in rats. Brush-border membrane vesicles (BBMVs) were isolated from the intestinal mucosa of control or methylprednisolone-treated rats. BBMV protein (30 g) was loaded on SDS-PAGE and immunoblotted. Rat NHE8 antibody and ␤-actin antibody were used to detect NHE8 and ␤-actin, respectively. The expression of NHE8 protein was calculated by dividing the optical density of the NHE8 band over that of the ␤-actin band. Bars show the NHE8 protein expression indicated as means Ϯ SE in the sum of 4 independent experiments. *P Յ 0.01 for control (CT) groups vs. methylprednisolone (MP) groups. Inset: the corresponding Western blot image. A: effect of methylprednisolone on NHE8 protein expression in rat jejunum. B: effect of methylprednisolone on NHE8 protein expression in rat ileum.
RESULTS

Effect of methylprednisolone on the intestinal NHE8 protein expression in rats.
Male rats (17 days old) were given methylprednisolone subcutaneously (40 g/kg body wt, one time a day for 2 days). After the last methylprednisolone administration (18 h), rats were killed, and BBMV was isolated from intestinal mucosa. BBMV protein was then used for Western blot to determine NHE8 protein abundance. NHE8 immunoreactive protein abundance was calculated by dividing the optical densities of the NHE8 band by that of the ␤-actin band. In the jejunum, methylprednisolone administration inhibited NHE8 immunoreactive protein abundance by ϳ30% (0.55 Ϯ 0.02 in control rats; 0.39 Ϯ 0.02 in methylprednisolone rats, P Յ 0.01, n ϭ 4) (Fig. 1A) . In the ileum, methylprednisolone significantly reduced NHE8 protein expression by ϳ90% (0.55 Ϯ 0.02 in control rats; 0.05 Ϯ 0.03 in methylprednisolone rats, P Յ 0.01, n ϭ 4) (Fig. 1B) .
Effect of methylprednisolone on the intestinal NHE8 mRNA expression in rats. Because NHE8 protein abundance was reduced in the rat intestine, we tested NHE8 mRNA in the intestine. Mucosa from the jejunum and ileum were collected from rats 18 h after the last methylprednisolone administration. RNA was purified and used for Real-Time PCR to determine Fig. 2 . Effect of methylprednisolone on the intestinal NHE8 mRNA expression in rats. RNA was isolated from the intestinal mucosa of control (CT) or methylprednisolone-treated (MP) rats and used for Real-Time PCR. NHE8 mRNA and TATA binding protein (TBP) mRNA were amplified with ratspecific NHE8 and TBP primers. The changes in NHE8 gene expression were analyzed by the comparative cycle threshold (Ct) method. Data are means Ϯ SE from a total 18 rats (9 for the methylprednisolone group, 9 for the control group). *P Յ 0.01 for the control group vs. the methylprednisolone group. Left: effect of methylprednisolone on NHE8 mRNA expression in rat jejunum. Right: effect of methylprednisolone on NHE8 mRNA expression in rat ileum. Fig. 3 . Effect of dexamethasone (Dex) on the endogenous NHE8 expression in human intestinal epithelial cells (Caco-2). Caco-2 cells were cultured in standard medium or dexamethasone-containing medium (100 ng/ml) for 18 h before harvest. RNA was isolated from these cells and used for RT-PCR. Real-Time PCR was performed with human NHE8 or TBP primers in separate reactions. Total protein was prepared from cells and used for Western blot. Results are means Ϯ SE from 3-5 separate experiments. *P Ͻ 0.01 for control vs. dexamethasone treatment. A: effect of dexamethasone on NHE8 mRNA expression in Caco-2 cells. B: effect of dexamethasone on NHE8 protein expression in Caco-2 cells. Fig. 4 . Effect of dexamethasone on human NHE8 gene promoter activity. Cells were cotransfected with pRL-CMV and pGL3 basic (pGL3b) or human NHE8 promoter constructs (pGL3b/Ϫ671, pGL3b/Ϫ89, or pGL3b/Ϫ32). Dexamethasone was applied 18 h before measuring promoter activities. Promoter activity is shown as a relative activity, a ratio of firefly luciferase activity driven by NHE8 promoter over Renilla luciferase activity driven by CMV promoter. The degree of inhibition is shown as the ratio of luciferase activity in dexamethasone-treated cells (shaded bars) over luciferase activity in vehicle-treated cells (solid bars). Results are means Ϯ SE from 6 separate experiments. *P Ͻ 0.01 for control vs. dexamethasone treatment. the abundance of NHE8 mRNA. Similar to protein expression changes, NHE8 mRNA expression in the jejunum decreased by ϳ28% from 1.10 Ϯ 0.02 in control rats to 0.79 Ϯ 0.03 in methylprednisolone-treated rats (P Յ 0.001, n ϭ 4) (Fig. 2A) . In the ileum, NHE8 mRNA expression decreased by ϳ45% in methylprednisolone-treated rats (P Յ 0.001, n ϭ 4) (Fig. 2B) .
Effect of dexamethasone on NHE8 expression in Caco-2 cells. The expression of NHE8 mRNA in Caco-2 cells exposed to standard or dexamethasone-containing medium was assessed by Real-Time PCR. The expression of NHE8 protein in Caco-2 cells was determined by Western blotting. Dexamethasone treatment (100 nM, 18 h) reduced NHE8 gene expression by 60% in Caco-2 cells compared with untreated cells (n ϭ 4, P Ͻ 0.01) (Fig. 3A) . On the protein level, dexamethasone treatment also reduced NHE8 protein expression by ϳ27% in Caco-2 cells (1.0 Ϯ 0.05 in control cells; 0.73 Ϯ 0.03 in dexamethasone cells; n ϭ 3, P Ͻ 0.05) (Fig. 3B) . The reduction in NHE8 expression levels by this synthetic glucocorticoid are in agreement with the observation in methylprednisolone-injected rats.
Effect of dexamethasone on hNHE8 gene promoter activity. To explore if dexamethasone-mediated NHE8 expression downregulation is due to reduced gene transcription, Caco-2 cells were transfected with hNHE8 gene promoter constructs followed by 18 h of treatment with 100 nM dexamethasone before analyzing promoter activity. As shown in Fig. 4 , NHE8 promoter activity was significantly reduced in dexamethasonetreated Caco-2 cells (n ϭ 8; P Ͻ 0.01). Approximately 40% reduction of the promoter activity was seen in hNHE8 gene promoter constructs pGL3B/Ϫ671 and pGL3B/Ϫ89, but not in pGL3B/Ϫ32.
Identification of trans-factor and cis-element involved in dexamethasone response of the hNHE8 promoter. Gel mobility shift assay (GMSA) was used to study the DNA-protein interaction involved in the dexamethasone response. Because the glucocorticoid-responsive region is located between Ϫ89 to Ϫ32 bp of the hNHE8 promoter, the DNA sequences and the corresponding DNA-binding protein responsive to dexamethasone should also be within this part of the promoter region. We first identified the precise DNA sequences of the human intestinal NHE8 gene promoter by performing GMSAs using DNA oligos (oligo 1, 2, 3, and 4) designed between the Ϫ112/Ϫ32 bp region. As shown in Fig. 5 , strong DNA-protein interactions were detected with labeled oligo 2 and oligo 3 probes. An increased DNA-protein interaction was only observed in the presence of oligo 3 probes, but not in the presence of oligo 2 probes. At the oligo 3 region, mutant oligos M1 and M4 could compete the protein binding on labeled oligo 3 probe but not mutant oligos M2 and M3 (Fig. 6A) . Transfection with the mutant promoter constructs (pGL3b/Ϫ89M2 and pGL3b/ Ϫ89M3) showed that the response of hNHE8 gene promoter to dexamethasone was abolished compared with wild-type promoter construct pGL3b/Ϫ89 (Fig. 6B) . GMSAs indicated that cold Pax5 oligos competed the binding of nuclear protein to the Fig. 6 . Identification of the DNA sequences on the proximal promoter region of the human NHE8 gene involved in the dexamethasone regulation. A: identification of the DNA sequences involved in dexamethasone regulation. DNA oligo 3 was end-labeled with [ 32 P]ATP and used as a probe in GMSAs. Nuclear protein was isolated from Caco-2 cells, and GMSAs were performed as described in MATERIALS AND METHODS. Mutant oligos (oligos M1, M2, M3, and M4) were used to identify the precise DNA sequences of the DNA-protein interaction. Bold letters indicate the mutation site at the promoter region. GMSA image indicates that cold probe and mutant probes (M1, M4) compete with the protein binding on the labeled oligo 3 probe, but mutant oligos (M2 and M3) could not compete with the protein binding on the labeled oligo 3 probe. B: functional characterization of DNA-protein interacting sequences at NHE8 promoter region. Wild-type (WT) promoter construct (pGL3b/Ϫ89) or mutant promoter constructs (pGL3b/Ϫ89M2 and pGL3b/Ϫ89M3) were cotransfected with pRL-CMV in Caco-2 cells. Promoter reporter assay was performed 18 h after dexamethasone treatment. Promoter activity was calculated as relative activity of firefly luciferase activity driven by NHE8 promoter to Renilla luciferase activity driven by CMV promoter. Fold changes were used to compare the promoter activity in the dexamethasone group with that of the control group. Results are means Ϯ SE from 4 separate experiments. *P Յ 0.05 for control treatment (CT) vs. dexamethasone treatment.
labeled oligo 3 probes. Supershift indicated that Pax5 antibody partially blocked the formation of DNA-protein complex, whereas Ap2 antibody did not affect the DNA-protein interaction (Fig. 7A) . Western blotting further confirmed the presence of Pax5 protein in Caco-2 cells and in RIE cells (Fig. 7B) . RT-PCR also detected the expression of Pax5 mRNA in Caco-2 cells (Fig. 7C) . Furthermore, dexamethasone treatment did not significantly alter Pax5 protein distribution in the nuclei in Caco-2 cells (Fig. 7D) .
DISCUSSION
The intestinal epithelium plays an important role in barrier function and transport of water, nutrients, and electrolytes. Apically expressed NHEs (NHE2, NHE3, and NHE8) are major players for electroneutral sodium absorption, and they are expressed throughout the life of the organism. Among the three, NHE8 is the predominant isoform when the organism is young (7, 8, 30) .
Glucocorticoids are involved in many physiological processes, such as organ maturation, immunological modulation, salt absorption, tissue repair, and cancers. They are also produced in many tissue, including the intestine. Excess or lack of glucocorticoids causes major health issues. In the intestine, glucocorticoids are known to accelerate epithelial maturation and to enhance sodium absorption (9, 10, 15, 20, 26) . Although glucocorticoids have been shown to stimulate intestinal NHE3 activity (6, 16, 27) , it was unclear whether glucocorticoids affect intestinal NHE8 expression. To determine the role of glucocorticoids on NHE8 expression, we used young rats as an in vivo model to characterize NHE8 expression in the intestine and Caco-2 cells as an in vitro model to study the mechanism of glucocorticoid regulation on NHE8 gene expression. Al- though previous studies showed that methylprednisolone stimulates NHE3 activity by enhancing NHE3 gene expression in the small intestine of the rats and rabbits (18, 27) , we showed that methylprednisolone significantly reduced the expression of NHE8 in the small intestine of the young rats. At the BBMV protein level, methylprednisolone inhibited ϳ30% and ϳ90% of NHE8 protein distribution in the jejunum and the ileum, respectively. At the mRNA level, methylprednisolone inhibited ϳ28% and ϳ45% of NHE8 RNA expression in the jejunum and the ileum, respectively. These observations suggest that the effect of methylprednisolone on NHE8 expression may involve different mechanisms in the proximal and the distal small intestine. Methylprednisolone most likely inhibits jejunal NHE8 expression at the gene transcription level. On the other hand, methylprednisolone may regulate ileal NHE8 expression at both the gene transcription and the protein translation levels.
We also showed that dexamethasone treatment reduced endogenous NHE8 gene expression in Caco-2 cells to a level comparable to the reduction in in vivo studies. To further understand the mechanism of this inhibition, we conducted promoter reporter assay in Caco-2 cells transfected with hNHE8 gene promoter constructs. When transfected cells were treated with dexamethasone, NHE8 promoter activity was reduced by ϳ40%. NHE8 mRNA abundance levels were also reduced by a similar amount in dexamethasone-treated Caco-2 cells. To identify the promoter region responsive to glucocorticoids, two shortened promoter constructs were transfected in Caco-2 cells. Dexamethasone treatment significantly reduced promoter activity in pGL3b/Ϫ89 but not in pGL3b/Ϫ32 promoter constructs in Caco-2 cells, suggesting the glucocorticoid-responsive region is located between hNHE8 gene promoter Ϫ89 to Ϫ32 bp.
To locate the DNA region dexamethasone uses to downregulate NHE8 gene expression, we isolated nuclear protein from Caco-2 cells and performed GMSAs with DNA oligos spanning the proximal promoter region Ϫ112/Ϫ32 bp of the human intestinal NHE8 gene. We found that two DNA-protein interaction complexes were formed on the hNHE8 proximal promoter region. However, only one DNA-protein interaction complex, the one at oligo 3 (Ϫ75/Ϫ50 bp), increased after treatment with dexamethasone. Mutations in this region not only abolished the DNA-protein interaction but also abolished the inhibition of hNHE8 promoter activity by dexamethasone. A search for transcription factors that could interact with 5=-CCACCCT-3= using MatInspector (http://www.genomatix. de/products/MatInspector/) found that this sequence contains binding motifs for Ap2 and Pax5. We verified MatInspector results by GMSA. Ap2 antibody could not compete with or supershift the DNA-protein interaction at oligo 3. Meanwhile, cold Pax5 oligos completely blocked the interaction of nuclear protein binding on hNHE8 promoter, suggesting that there is DNA-protein interaction between Pax5 oligos and nuclear extracts from Caco-2 cells. GMSA with an anti-Pax5 antibody also partially blocked the DNA-protein interaction on the hNHE8 promoter. These results supported the involvement of Pax5. The mutations to the dexamethasone-sensitive region mentioned before were within the Pax5-binding site.
Pax5 is a member of the paired box (PAX) family of transcriptional factors. Nine members in the Pax family have been identified in mammals (5). These Pax proteins share a common structure that contains a DNA-binding domain and the paired domain. Pax proteins are important regulators in early development. Alterations in Pax expression are linked with neoplastic transformation. PAX5 gene encodes a peptide of 391 amino acids, and it is located on the chromosome 9q13 (23, 25) . Pax5 has been shown to play important roles in the early stages of B-cell differentiation and central nervous system and testis development (1, 12, 22) . Deregulation of Pax5 transcription is linked with the pathogenesis of lymphomas (4, 14) . Recently, Pax5 was identified to regulate c-Met transcription in small-cell lung cancer (17) . However, these publications have not mentioned whether Pax5 is expressed in the intestine and what roles Pax5 could play if it were expressed in the intestine. In our studies, we successfully detected Pax5 protein expression in Caco-2 cells and RIE cells. Therefore, Pax5 protein is indeed expressed in the intestinal epithelial cells, and it facilitates glucocorticoid-mediated regulation on NHE8 expression during intestinal maturation. Interestingly, the Pax5 protein detected by Western blotting in the human intestinal epithelial cells has a molecular weight of ϳ72 kDa, which is larger than the Pax5 protein detected in RIE cells and in mouse spleen cells (ϳ46 kDa). This discrepancy might be due to different posttranslational modifications between humans and rodents.
In summary, we have shown that the intestinal NHE8 expression is reduced in rats treated with methylprednisolone. We also showed that dexamethasone inhibited endogenous NHE8 expression in Caco-2 cells to a similar degree. Furthermore, we identified that Pax5 is a key transcriptional factor involved in glucocorticoid-mediated NHE8 gene expression downregulation in Caco-2 cells. These studies, for the first time, directly demonstrated a role of Pax5 in the intestine.
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